We present the design and fabrication of the first high-voltage 4H-SiC RF power limiter. First, Schottky and PiN diodes are compared for power limiter applications by numerical simulations. Small-signal S-parameters and large-signal operation are then simulated based on our device design. The fabrication is based on a SiC PiN diode with at least 900V blocking capability and packaged into a 50Ω microstrip transmission line fixture. Small signal insertion and return losses are measured in the frequency band from 100MHz to 3GHz after packaging and agree well with our simulation. The limiter has an insertion loss of only 0.6dB at 1GHz. This is believed to be the first 4H-SiC high-voltage RF power limiter, as well as one of the best SiC limiters in terms of low small-signal transmission loss up to gigahertz frequencies.
Introduction
RF and microwave power limiters are widely used devices that protect low noise amplifiers (LNA) and other sensitive RF circuit components from unexpected high power pulses and high voltage spikes that can reach a few hundred volts. Compared to silicon and GaAs, silicon carbide is attractive for RF power limiter applications because of its capability for handling significantly higher power, as well as operating at elevated temperatures. Particularly, these devices are required to survive extreme input power surges in critical defense radar systems. Limiters for such applications are expected to have low small-signal insertion loss, wide bandwidth, effective attenuation of high-power input surges, as well as robust reverse blocking capabilities. Recently, Syrkin et al. reported 6H-SiC microwave limiters based on Schottky diodes [1] . Bludov et al. designed and fabricated prototype p-i-n modulators that have 0.8dB transmission loss at 1GHz. However, their device blocking capability was not reported [2] .
Simulations of 4H-SiC Schottky and PiN Diode Limiters
The limiter circuit can be built with either SiC Schottky diodes or PiN diodes. Schottky diodes are unipolar and hence faster in switching operations. However, the high series resistance reduces their power limiting performance. PiN diodes are bipolar and have the advantage of RF conductivity modulation [3] . Their series resistance can be much lower than that of Schottky diodes, which indicates higher power-handling capability. In this work, we compared the RF performance of a 4H-SiC Schottky diode limiter and a PiN diode limiter by performing numerical simulations. The drift layer of the devices under investigation has a doping concentration of 5×10 15 cm -3 and a thickness of 8µm. The blocking voltage is about 1,544V for both the Schottky and the PiN diode. In the simulations, the Schottky barrier is assumed to be 1.5eV, the contact resistance is 5×10 -5 Ω-cm 2 , the electron lifetime is 1µs, ideal carrier mobilities are used and the devices have a circular shape with a junction radius of r. Fig.1 compares the forward I-V curves of the 4H-SiC Schottky diode and PiN diode at room temperature (RT) and 250°C. It is seen that the PiN diode conducts much higher current than the Schottky diode when V F > 3.5V, indicating the capability for higher power density. This capability, however, will be degraded when the temperature is elevated because of the increase in the series resistance with temperature, as illustrated in Fig.2 . The series resistance of the PiN diode is much lower than that of the Schottky diode, showing that conductivity modulation takes place in the PiN diode. Although the Schottky diode's series resistance can be reduced by increasing the drift layer doping density, its blocking capability will be degraded, and it may still not be capable of providing a lower series resistance, depending on the voltage and power, in comparison to SiC PiN diodes. The RF performances of the devices are also investigated in a test circuit modeled with 50Ω input and output load, which is shown in the inset of Fig.3 . The parasitic inductance from the gold wires and silver epoxy for die bonding are considered. Fig.3 presents the insertion loss S 21 as a function of frequency of the 4H-SiC Schottky diode and PiN diode at RT and 250°C when the device junction area is 1.17×10 -2 mm 2 (radius r = 61µm). At S 21 =1.5dB and RT, the frequency of the PiN diode (1.86GHz) is even higher than that of the Schottky diode (1.29GHz) because, at zero bias, the PiN diode has a smaller depletion capacitance thanks to its larger built-in voltage. When the temperature is elevated, the insertion loss increases because the junction capacitance becomes larger. Fig.4 shows the frequency @ S 21 =1.5dB of the Schottky and PiN diodes with different junction areas at RT and 250°C. It is seen that the small device has a higher frequency (wider bandwidth) for the same insertion loss and the insertion loss characteristics are highly dependent on the junction capacitance. However, a reduced area results in higher series resistance and lower power handling capability [4] . Since device resistance is the key parameter that determines the limiting efficiency of microwave limiters, in this work, we focused on the fabrication of PiN diode RF power limiters. The limiter's performance in large-signal power limiting mode is studied using the diode SPICE parameters extracted from its numerical model. Specifically, C jo =1.255pF, Rs=1.35Ω, Is=1x10 -50 A, and Vj=3.156V are used. The P out vs. P in characteristic at 1.7GHz is presented in Fig.5 . Under input power of about 20dBm, the diode turns on and begins power limiting. As the incident power becomes even higher, the diode is driven to its minimal series resistance, and hence the ratio of P out /P in will stabilize.
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Fabrication and Characterization
The 4H-SiC wafer for the microwave limiter has a highly doped 0.3 µm 4x10 19 p+ epilayer, a 0.7 µm 3x10 17 p epilayer, and an 8 µm 5x10 15 n-epilayer on an n+ substrate. The device cross-sectional view is shown in Fig.6 . To enhance its reverse blocking capability and reduce leakage current, a multi-step junction termination extension (MJTE) is created by inductively coupled plasma (ICP) dry etching in a gas mixture of freon and oxygen to terminate the edges of these diodes. A thermal oxidation layer is grown at 1050 o C for 3 hours as the passivation layer, which is then covered by a PECVD oxidation layer and a Si 3 N 4 layer. The p-type ohmic contact is formed by sputtering AlTi and annealing in forming gas. The n-type ohmic contact metal (Ni) on the substrate side is annealed simultaneously with the p-contact metal. Au is sputtered as the final overlay metal with a size of 130µm x 90 µm (1.17 × 10 -2 mm 2 ). Thereafter, a 1mm x 3mm die is cut from the SiC wafer and mounted into a 50-ohm microstrip transmission line fixture. Gold wires and ribbons are used for connection. The diode is tested after packaging and confirmed to block 900V with Fig.6 . Cross-sectional view of the limiter diode. . very low leakage current as shown in Fig.7 .
S-parameters are then tested to determine the limiter's small signal insertion loss vs. frequency, as shown in Fig.8 . The measurement is performed with an Agilent 8720ES network analyzer after TRL (Thru-Reflection-Line) two-port calibration. The reference planes are set at the contacts of the bonding wires and microstrip lines. As predicted in our simulation, the limiter has an insertion loss S 21 less than 1.5dB up to 1.6GHz. The return loss S 11 also agrees well with our simulation, which remains below -10dB up to 1.7GHz.
Conclusion
In this work, we performed numerical simulations and compared SiC Schottky and PiN diodes for their performance as RF power limiting devices. We found that PiN diodes may be more advantageous due to its lower on-resistance and higher power handling capabilities. Based on our diode design, the limiter's power limiting behavior is studied by large signal simulations. We then experimentally demonstrated the first 4H-SiC high-voltage bipolar RF power limiter. The small signal insertion and return losses are tested and match very well with our simulation predictions. The limiter operates up to 1.7GHz without shunting small microwave signals. At the same time it blocks at least 900V reverse voltage with very low leakage current, which indicates its capability of surviving extreme voltage surges that can be deadly to conventional power limiters based on silicon or GaAs.
